A laboratory investigation was carried out in which iron was reacted in silica crucibles with an atmosphere of controlled oxygen and sulfur partial pressures. The equilibrium compositions of the melts were determined over the range 10 -~2 to 10 .9 atm oxygen and 10 .2.75 to 10 -~ atm sulfur and it was found that the Fe-O-S-SiO2 system can exist as either a slag or oxysulfide. The oxysulfide contained appreciable quantities of dissolved oxygen and silica, although the levels decreased as the sulfur content was increased. Sulfur also had the effect of reducing the solubility of silica in the slag. When copper was added to the system, the solubility of oxygen and silica in the oxysulfide phase decreased dramatically. The results are examined in terms of the thermodynamics of the relevant reactions, and the predominance area diagram for the copper-free system was established by combining the present results with those of earlier investigations.
I. INTRODUCTION
THE Fe-O-S-SiO2 system is a fundamental one in nonferrous pyrometallurgy because it is the basis of fayalite slags and iron sulfide-base mattes. The silicasaturated Fe-S-O-SiO2 system has four components and, according to the phase rule, if the temperature and the partial pressures of oxygen and sulfur are fixed, two phases can coexist: condensed and gas. Because iron can form sulfide (FeS) and oxides (FeO and Fe203), it is possible for the condensed phase to be present either as a solution of FeO, Fe203, and SiO2 containing dissolved FeS (a slag) or as an iron sulfide solution containing dissolved FeO, Fe203, and SiO2 (a "matte"). The sulfide phase is frequently referred to as oxysulfide because of its capacity to dissolve oxygen. Silicon is present as silica in both condensed states because under the oxygen and sulfur potentials of matte smelting, silica is the only stable form of silicon. If only one of the oxygen or sulfur potentials is fixed, then slag and oxysulfide phases can coexist.
The silica-free Fe-O-S has been extensively investigated. Hilty and Crafts m determined the composition of oxysulfide in the system at equilibrium with iron and established the phase diagram. Bog and Rosenqvist t2~ determined the composition of oxysulfide as a function of oxygen and sulfur potential. Stofko et al. [31 measured the solubility of oxygen in the system and found that at magnetite saturation the solubility of oxygen was 15.5 pct at 1200 ~ The sulfur-free FeO-Fe203-SiO2 slag system has been studied extensively, but the sulfur-containing Fe-O-S-SiO2 system has only been studied a little. and Yazawa and Kameda tS~ determined the liquidus surface of the portion of the FeS-FeO-SiO2 system of interest in copper smelting. They found that mixtures of FeS and FeO could form homogeneous melts but that the addition of SiO2 produced a miscibility gap. In a large part of the system, FeS was soluble in iron silicate liquid to only a limited extent, and excess FeS formed an immiscible sulfide-rich liquid. MacLean 16j studied the liquid phase relations in the FeS-FeO-Fe304-SiO2 system and found that iron silicate melts coexisted with iron sulfide melts over a wide range in the experimental system. The solubility of FeS in the iron silicate melt was at a maximum when in equilibrium with iron and it decreased with increasing oxygen potential. An immiscible liquid formed from the excess FeS. MacLean combined his results with those of the earlier studies to construct the phase diagram of the FeO-FeS-SiO2 system at iron saturation. Despite the fundamental importance of the Fe-S-O-SiO2 system in matte smelting, it was investigated extensively only at iron saturation. There have been no experimental investigations to determine the oxygensulfur potential boundary between the slag and oxysulfide or the compositions of oxysulfide and slag within their respective fields and at equilibrium. The aim of the present study, therefore, was to determine experimentally the conditions for formation of slag and oxysulfide in the silica saturated Fe-S-O-SiO2 system at 1200 ~ and to determine the effect of oxygen and sulfur potentials on their composition within the slag and oxysulfide fields and when they coexist.
II. EXPERIMENTAL
The experimental approach used was to react a small quantity of iron chips in a silica crucible with a gaseous atmosphere of controlled oxygen and sulfur potential and allow the system to come to equilibrium. The melt was then quenched in air and water and characterized to determine whether the melt was in the slag or oxysulfide state and its elemental composition.
A vertical tube furnace heated by silicon carbide elements was used; the tube was impervious mullite with an internal diameter of 40 ram. The silica crucible containing the iron sample was suspended from an alumina tube of 12-mm internal diameter in the constant temperature zone of the furnace. A gas mixture of CO, CO2, and SO2 was introduced into the mouth of the crucible through this tube which was also used to raise and lower the reaction crucible. A total flow rate of 400 ml/min was used, and this gave a linear velocity of 60 mm/s through the tube. According to Darken and Gurry, I71 this is the optimum rate for minimizing errors due to thermal segregation, convection currents, and nonequilibrium in the gas mixture. The sample assembly was constructed from three silica crucibles as shown in Figure 1 . The outer crucible was supported from the gas inlet tube by means of a thin alumina tube placed horizontally through slots cut into the inlet tube and crucible. The middle crucible was used to protect the outer crucible if the reaction crucible failed. The inner crucible was used to hold the reactants. A type R thermocouple in an alumina sheath was positioned directly below and in contact with the outer crucible and was calibrated at the beginning of the experimental program and at regular intervals against a second thermocouple placed in an empty reaction crucible. The control thermocouple was located on the outside of the mullite work tube. The temperature within the reaction crucible was accurately measured and controlled to within +3.5 ~ at 1200 ~ The sulfur and oxygen potentials in the furnace were controlled using mixtures of SO2, CO, and CO2. Highpurity nitrogen was used for flushing the work tube.
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Gibbs free-energy minimization calculations were performed using the CSIRO Thermochemistry System (with JANAF database) to determine the proportions of these gases required to produce the desired sulfur and oxygen potentials at 1200 ~ The flow rates of the gases were controlled and measured using conventional capillary flow meters and constant-pressure head "bubblers" upstream of the flow meters. All the gases were dried using calcium chloride and magnesium perchlorate, and the carbon dioxide was deoxidized by passing it through a small horizontal tube furnace containing copper wire at 600 ~ The procedure for an experiment involved placing about 2 g of pure iron chips in the silica reaction crucible and lowering it into the hot zone of the furnace while nitrogen was passed through the tube at 1000 ml/min. When the temperature had stabilized, the nitrogen was replaced by the required mixture of CO, CO2, and SO2 at a total flow rate of 400 ml/min. After the reaction period, the atmosphere was changed back to nitrogen, and the reaction crucible was removed rapidly from the furnace and quenched in water. In most of the experiments, there was not a sufficient sample for chemical analysis and an alternative, nondestructive technique was used. The reaction crucible was cut in half lengthwise using a diamond saw, and one piece was mounted in BAKELITE* and polished for microscopic examina-*BAKELITE is a trademark of Union Carbide Corporation, Danbury, CT. tion. Photomicrographs were taken of all the samples at a magnification of 200 and electron microprobe analyses were performed on selected samples. The photomicrographs were used to determine the nature of each sample (slag or oxysulfide), and the electron microprobe was used to find the composition of the individual species formed during the solidification of the melts. The relative amounts of these species were determined from the photomicrographs and the elemental compositions of the melts were determined by combining this information with the compositions of the individual species. The full details of this technique are given in the Appendix. 
III. RESULTS
Two experiments were performed initially to confirm the experimental procedure. The first experiment duplicated that of Darken and Gurry I7] on oxidation of iron. A strip of electrolytic iron was suspended from a Kanthal wire in the hot zone of the furnace and a predetermined mixture of CO and CO: was introduced. After 3 hours, the specimen was removed, the position of the boundary between metal and oxidized iron on the strip was measured, and the temperature of the boundary was determined from the measurements of Darken and Gurry. This was repeated three times using different CO-to-CO2 ratios to establish the temperature profile of the hot zone. The temperature profile obtained this way was compared with the profile measured using a thermocouple, and the difference between the two was within +2 ~ The second experiment involved duplicating two equilibria performed by Nagamori and Kameda. Isj About 10 g of FeS
